discussion of vacancy-impurity complexes in Sec. 3. From Eq. (3.15) and the above relation for Vk, we find a Invk/ax= [.1h2+(1-p) 
INTRODUCTION
T RADITIONALLY the equilibrium and transport properties of relatively small molecules have been correlated by the Lennard-Jones (6-12) potential. Other simpler potentials have also been employed, particularly when more extensive calculations were performed. A good discussion of these and more elaborate potentials can be found in Hirschfelder et at. O. Hirschfelder, Phys. Fluids 4,622 (1961) . 8 O. Sinanoglu and K. S. Pitzer, J. Chern. Phys. 31, 960 (1959) . 4 N. Bernades and H. Primakoff, J. Chern. Phys. 30, 691 (1959). an interesting study involving a second-order contact between the Morse and Lennard-Jones potentials.
For larger molecules the Mie or Lennard-Jones potential apparently fails to correlate both equilibrium and transport properties with a single set of parameters, but in part the failure may be due to inadequacies in the existing transport theory as noted by Mason and Rice 6 and others.6 The general success of the Mie 7 potential for simpler systems, however, has prompted attempts to generalize the potential to larger systems. In particular, Thomaes 8 and Atoji and Lipscomb 9 have elaborated a spherical shell model related to the potential we have employed. The spherical shell model presumes Lennard-Jones interaction sites uniformly 6 E. A. Mason and W. E. Rice, J. Chern. Phys. 23, 843 (1954) . 6 A. G. De Rocco and J. O. Halford, J. Chern. Phys. 28, 1152 (1958 . 7 G. Mie, Ann. Physik 11, 657 (1903) .
distributed over the surfaces of the interacting spheres. Hamann and Lambert lO have approximated the full potential by a 7-28 model, without marked improvement over the 6-12. In order to assess the value of the full spherical shell model we have examined in detail the experimental and calculated second virial coefficients for twenty compounds, half of which are spherical nonpolar substances, the rest being evenly divided between nonpolar, nonspherical molecules and polar molecules.
The spherical shell potential can be derived in the following fashion. In Fig. 1 the coordinate system is displayed, and it will be noticed that the indicated sites in I and II are separated by a distance t. Point P is first allowed to interact with all points on the surface of I, and is then moved over the full surface of II. The potential of point P with respect to I is Using the law of cosines, t 2 = (id)2+ S2-sd cosa, we obtain q;, (P, d, s) =i for (S2+~ -sd cosa)HN) sinada, and making the substitution, g=t 2 one arrives at [s+(id) ]2 q;, (P, d, s) = 2!di ~Ndg= (2,:tN) [Is+ (id) Integrating q;, (P, d, s) over the surface of II yields q;, (d, r) =i l"q;, (p, d, s) sin(3d(3. (4) Noting that s=[(id)2+r2-rd cos{3j*, using tP (P,d, s) from Eq. (3) we obtain, finally, potentials, using a common energy minimum. We note that in the limit of large r, cp(r, d) becomes r-N • In general, the expansion is a series of positive terms-the coefficients may be found in the paper of Atoji and Lipscomb 9 -and the first few for the case N = 6 are displayed below: cp (r, d, N=6) 
This result was first obtained by Thomaes 8 and later by Pitzer,u Combining the cases N = 6 and N = 12 from Eq. (5), we write
---,,-=-~::-:--11 K. S. Pitzer, J. Am. Chern. Soc. 77, 3427 (1955) , incorrect beyond the second term.
where
and where A and B are constants containing d and the well depth. Using the two conditions that characterize the energy minimum, (ro, -E), Eq. (7) can be expressed as
in which r*=.r/d and PO*(N)='PoNd N . Let us examine a few of the characteristics of this potential. First, it can be shown that in the limit ro*--00 (or Finally, a graphical comparison of the two potentials is made in Fig. 3 , where the Lennard-Jones result is plotted along with the spherical shell potential (ro*=2) using a common well depth. The effect of shell integration is to narrow the well, an effect more pronounced as ro * approaches one.
The result obtained when Eq. (9) is substituted into (11) 
Second, the rapidity with which the 12-6 result is approached as ro* increases can be seen from Fig. 2 , where u/ro is plotted as a function of ro*, (u is the finite value of r for which q,=0). The Lennard-Jones potential has the constant value 2-116 (0.89090) .
where T*=kT/~. This integral was evaluated by a those parameters for which the computer determined (12 to be a minimum; this results in an unambiguous assignment of the potential parameters.
In Table I the results for spherical nonpolar molecules are presented; in Table II, nonspherical, nonpolar molecules and in Table III , polar molecules. It should be noted that in only two cases-pyridine and propadiene-does the Lennard-Jones potential seem better, and for both of these the temperature range was small, less than 100°. The majority of the results indicate that the spherical shell potential is a general improvement over the Lennard-Jones potential, when the second virial coefficient is the discriminant.
COMPARISONS WITH EXPERIMENT
The improved agreement noted above could be misleading, since the three parameter spherical shell potential is certainly more flexible than the LennardJones. The view that the spherical shell model represents an improvement can be better supported by comparisons with other types of data. It would be nice if comparisons with transport properties were possible, but the effort required to evaluate the collision integrals does not seem justified at present. It comparisons are known for the 7-28 potentialu; which, like the spherical shell potential, has a deeper and narrower well then the corresponding 6-12 potential. Subsequently, we will restrict ourselves to the following kinds of data: (1) the critical temperatures of the compounds in question, (2) values of '0 obtained from the density of the liquid, assuming a closest-packed arrangement, (3) the known interatomic distances in the molecules.
For molecules having the same value of '0*' a corresponding states argument can be constructed from which one infers that Tc*(kTclE) should be a constant. The relevant information for the spherically symmetric molecules is contained in Table IV . A general decrease in E/kTc with increasing '0* is evident, and serves to emphasize the fact that the attractive part of the well is less important as the well becomes narrower. Assuming the experimental data to be correct and the potential reasonable, the behavior noted in the entries for E/kT c in Table IV may reflect the fact that the nearest neighbor separation is much smaller at the critical point than at the low densities used to determine B ( T). In the critical region the potential is surely dependent upon angle as well as distance.
One would expect the intermolecular separations in a liquid at low temperatures to be on the order of '0. It is true that vibrations tend to increase the separation, but the effect of neighbors beyond the first coordination shell is to diminish the separation; since both effects are small,16 we will neglect them. We have used the density data entered in Table V Table V are the values of To from the spherical shells potential and from the Lennard-Jones potential. Assuming that the nearest-neighbor separation is '0, it is dear that the value of ' 0 computed for the closestpacked arrangement is an upper bound on '0, because for a less efficient packing the molecules are necessarily smaller. For several of the compounds listed in Table   V , the Lennard-Jones value of '0 greatly exceeds the closest-packed value, while the values from the spherical shells potential are generally smaller and thus in better agreement with our expectations.
Finally, interatomic distances are known quite accurately from x-ray and electron diffraction, and we may compare these data 17 with the values of d determined from virial coefficient data for the spherical shell potential. In Fig. 4 We have seen that the spherical shell potential, as an extension of the Lennard-Jones potential, is in general an improvement over the latter for fitting second virial coefficient data. Its distinguishing feature, ro*, permits one to calculate distance parameters, d and ro, which are in reasonable accord with other existing data. The energy parameter is harder to validate because comparisons must at present be made with data strongly dependent upon nonspherical contributions to the potential. Even in those cases where calculated results and available e:l{perimental data are not in close agreement, the spherical shell potential is interesting in its own right, and may well become more useful in the future as more virial coefficient data of better precision become available.
